Search for new resonances decaying to a $W$ or $Z$ boson and a Higgs boson in the $\ell^+ \ell^- b\bar b$, $\ell νb\bar b$, and $ν\barν b\bar b$ channels with $pp$ collisions at $\sqrt s = 13$ TeV with the ATLAS detector by 
 
 
University of Birmingham
Search for new resonances decaying to a $W$ or
$Z$ boson and a Higgs boson in the $\ell^+ \ell^-
b\bar b$, $\ell b\bar b$, and $\bar b\bar b$ channels
with $pp$ collisions at $\sqrt s = 13$ TeV with the
ATLAS detector
ATLAS Collaboration
DOI:
10.1016/j.physletb.2016.11.045
Citation for published version (Harvard):
ATLAS Collaboration 2016, 'Search for new resonances decaying to a $W$ or $Z$ boson and a Higgs boson in
the $\ell^+ \ell^- b\bar b$, $\ell b\bar b$, and $\bar b\bar b$ channels with $pp$ collisions at $\sqrt s = 13$ TeV
with the ATLAS detector', Physics Letters B. https://doi.org/10.1016/j.physletb.2016.11.045
Link to publication on Research at Birmingham portal
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Mar. 2020
ar
X
iv
:1
60
7.
05
62
1v
1 
 [h
ep
-ex
]  
19
 Ju
l 2
01
6
EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
Submitted to: Phys. Lett. B. CERN-EP-2016-148
20th July 2016
Search for new resonances decaying to a W or Z boson and a Higgs
boson in the ℓ+ℓ−b ¯b, ℓνb ¯b, and νν¯b ¯b channels with pp collisions at√
s = 13 TeV with the ATLAS detector
The ATLAS Collaboration
Abstract
A search is presented for new resonances decaying to a W or Z boson and a Higgs boson
in the ℓ+ℓ−b¯b, ℓνb¯b, and νν¯b¯b channels in pp collisions at
√
s = 13 TeV with the ATLAS
detector at the Large Hadron Collider using a total integrated luminosity of 3.2 fb−1. The
search is conducted by looking for a localized excess in the WH/ZH invariant or transverse
mass distribution. No significant excess is observed, and the results are interpreted in terms
of constraints on a simplified model based on a phenomenological Lagrangian of heavy
vector triplets.
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1 Introduction
The Higgs boson discovery by the ATLAS [1] and CMS [2] collaborations imposes constraints on theories
beyond the Standard Model (SM). Nevertheless, quadratically divergent radiative corrections to the Higgs
boson mass make it unnatural for the SM to be valid beyond a scale of a few TeV. Various dynamical
electroweak symmetry-breaking scenarios attempt to solve the naturalness problem by assuming a new
strong interaction at a higher scale. These models generically predict the existence of new resonances
decaying to a vector boson plus the Higgs boson, as for example in Minimal Walking Technicolour [3–5],
Little Higgs [6], or composite Higgs models [7, 8].
This Letter describes a search for new heavy vector bosons decaying to a SM vector boson and a SM
Higgs boson, denoted hereafter by W ′ and Z′ (pp → W ′ → WH and pp → Z′ → ZH) and together as
V ′. The analyses described here only consider leptonic decays of the vector bosons (W → ℓν, Z → ℓ+ℓ−,
Z → νν¯; ℓ = e, µ) and decays of the Higgs boson to bottom-quark pairs (H → b¯b). This results in three
search channels: W ′ → WH → ℓνb¯b, Z′ → ZH → ℓ+ℓ−b¯b, and Z′ → ZH → νν¯b¯b.
For the interpretation of the results in terms of a search for heavy vector bosons, a simplified model [9]
based on a phenomenological Lagrangian is used as a benchmark. This simplified model incorporates
heavy vector triplets (HVT) and allows for the interpretation of the results in a large class of models.
Here, the new heavy vector bosons couple to the Higgs boson and SM gauge bosons via a combination
of parameters gVcH and to the fermions via the combination (g2/gV )cF , where g is the weak SU(2)
coupling constant. The parameter gV represents the strength of the new vector boson’s interaction, and
cH and cF are multiplicative factors to modify the couplings to the Higgs boson and the fermions, and
are expected to be of order unity in most models. Two benchmark models [9] are used here. In the first,
referred to as Model A, the branching fractions to fermions and gauge bosons are comparable, as in some
extensions of the SM gauge group [10]. For Model B, fermionic couplings are suppressed, for example in
a composite Higgs model [11]. The regions of HVT parameter space probed in this Letter correspond to
the production of resonances with an intrinsic width that is narrow relative to the experimental resolution,
which is roughly 10% of the resonance mass.
Previous searches in the same final states have been performed by both the ATLAS and CMS collab-
orations using data at
√
s = 8 TeV. The ATLAS searches for V ′ → VH set a lower limit at the 95%
confidence level (CL) on the W ′ (Z′) mass at 1.47 (1.36) TeV, assuming the HVT benchmark Model A
with gV = 1 [12]. Searches by the CMS Collaboration for V ′ → VH, based on HVT benchmark Model B
with gV = 3, similarly exclude heavy resonance masses up to 1.1 TeV (Z′ → ZH), 1.5 TeV (W ′ → WH),
yielding a combined limit of 1.7 TeV (V ′ → VH) in the fully hadronic final state [13], and masses up to
1.5 TeV for the W ′ → WH → ℓνb¯b final state [14]. A search by the CMS Collaboration has been carried
out for a narrow resonance decaying to ZH in the τ+τ−b¯b final state, setting limits on the production
cross-section of Z′ assuming the HVT benchmark Model B with gV = 3 [15]. The ATLAS Collaboration
has also performed a search for narrow resonances decaying to VV final states [16].
The search presented here has been optimized to be sensitive to resonances of mass larger than 1 TeV,
hence decaying to highly boosted final-state particles. As a consequence, the Higgs boson decay to
bottom quarks is less likely to be observed as two separate jets than as a single wide jet where the two
b-jets are “merged” (the Higgs boson candidate). Bottom-quark tagging is used as a means to further
purify the event selection. Decays of the Higgs boson to charm quarks are included in the signal Monte
Carlo simulation to properly account for the small contribution of b-tagged charm quarks. Together, the
reconstructed mass of the Higgs boson candidate jet and the results of the bottom-quark tagging are used
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to identify likely Higgs boson candidates. The search is performed by examining the distribution of the
reconstructed VH mass (mVH) or transverse mass (mT,VH) for a localized excess. The signal strength and
background normalization are determined from a binned maximum-likelihood fit to the data distribution
in each channel and are used to evaluate bounds on the production cross-section times decay branching
fraction for V ′ bosons.
2 ATLAS detector
The ATLAS detector [17] is a general-purpose particle detector used to investigate a broad range of
physics processes. It includes inner tracking devices surrounded by a superconducting solenoid, electro-
magnetic and hadronic calorimeters and a muon spectrometer with a toroidal magnetic field. The inner
detector consists of a high-granularity silicon pixel detector, including the insertable B-layer [18] installed
after Run 1 of the LHC, a silicon strip detector, and a straw-tube tracker; it is situated inside a 2 T axial
field and provides precision tracking of charged particles with pseudorapidity |η| < 2.5, where the pseu-
dorapidity is defined in terms of the polar angle1 θ as η = − ln tan(θ/2). The straw-tube tracker also
provides transition radiation measurements for electron identification up to |η| = 2.0. The calorimeter
system covers the pseudorapidity range |η| < 4.9. It is composed of sampling calorimeters with either
liquid argon or scintillator tiles as the active media. The muon spectrometer provides muon identification
and measurement for |η| < 2.7. The ATLAS detector has a two-level trigger system to select events for
oﬄine analysis [19].
3 Data and simulated samples
The data used in this analysis were recorded with the ATLAS detector during the 2015 pp collisions run
and correspond to a total integrated luminosity of 3.2 fb−1 [20] at √s = 13 TeV. Collision events satisfy
a number of requirements ensuring that the ATLAS detector was operating in stable conditions while the
data were recorded.
Simulated Monte Carlo (MC) samples for the HVT are generated with MadGraph5_aMC@NLO 2.2.2 [21]
using the NNPDF2.3LO [22] parton distribution functions (PDFs). For all signal events, parton showering
and hadronization are performed with Pythia 8.186 [23] using the A14 set of tuned parameters (tune) [24].
The Higgs boson has its mass set to 125.5 GeV, and it is allowed to decay to b¯b and cc¯ pairs, with relative
branching fractions BR(H → cc¯)/BR(H → b¯b) = 0.05 fixed to the Standard Model prediction [25].
Signal samples are generated for a range of resonance masses from 0.7 to 5 TeV in steps of 100 GeV up
to 2 TeV and in wider steps for higher masses.
Monte Carlo samples are used to model the shape and normalization of most SM background processes.
Diboson events (WW , WZ, ZZ) and events containing a W or Z boson with associated jets (W+jets,
Z+jets) are simulated using the Sherpa 2.1.1 [26] generator. Matrix elements are calculated using the
Comix [27] and OpenLoops [28] matrix element generators and merged with the Sherpa parton shower
using the ME+PS@NLO prescription [29]. For W+jets and Z+jets events these are calculated for up to
two additional partons at next-to-leading order (NLO) and four partons at leading order (LO); they are
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam axis. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis.
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calculated for up to one (ZZ) or no (WW , WZ) additional partons at NLO and up to three additional par-
tons at LO. The CT10 PDF set [30] is used in conjunction with dedicated parton shower tuning developed
by the authors of Sherpa.
The W/Z+jets simulated samples are split into different components according to the true flavour of the
jets, i.e. W/Z + q, where q denotes a light quark (u, d, s) or a gluon, W/Z + c and W/Z + b. Each event is
categorized based on the hadrons associated to the track jets matched to the highest-pT (leading) large-R
jet in the event; these jet collections are introduced in Section 4. If there is an associated bottom (charm)
hadron, then the event is given a b (c) label; otherwise it is labelled W/Z + q.
For the generation of t¯t and single top quarks in the Wt- and s-channels the Powheg-BOX v2 [31–33] gen-
erator with the CT10 PDF sets is used. Electroweak t-channel single-top-quark events are generated using
the Powheg-BOX v1 generator. This generator uses the four-flavour scheme for the NLO matrix elements
calculations together with the four-flavour PDF set [30]. For all top processes, top-quark spin correlations
are preserved (for the t-channel, top quarks are decayed using MadSpin [34]). The parton shower, frag-
mentation, and the underlying event are simulated using Pythia 6.428 [35] with the CTEQ6L1 [36] PDF
sets and the corresponding Perugia 2012 tune (P2012) [37]. The top quark mass is set to 172.5 GeV. The
EvtGen v1.2.0 program [38] is used for the bottom and charm hadron decays.
Finally, SM Higgs boson production in association with a W/Z boson is simulated using Pythia 8.186
and Powheg with showering by Pythia 8.186 for the gluon-induced associated production; the CT10
PDFs and the AZNLO tune is used in both cases [39]. SM Higgs boson production is considered as a
background in this search.
All simulated MC samples include the effect of multiple pp interactions in the same and neighbouring
bunch crossings (pile-up) by overlaying simulated minimum-bias events on each generated signal or
background event. Simulated events are reconstructed with the standard ATLAS reconstruction software
used for collision data.
4 Object selection
Collision vertices are reconstructed from tracks with transverse momentum pT > 400 MeV. If an event
contains more than one vertex candidate, the one with the highest ∑ p2T calculated considering all the
associated tracks is selected as the primary vertex.
Electrons are reconstructed from inner-detector tracks that are matched to energy clusters in the electro-
magnetic calorimeter obtained using the standard ATLAS sliding-window algorithm [40]. Electron can-
didates satisfy criteria for the electromagnetic shower shape, track quality and track-cluster matching.
These requirements are applied using a likelihood-based approach, and two different working points are
used: “loose” and “tight” with increasing purity [41]. Muons are identified by matching tracks found in
the inner detector to either full tracks or track segments reconstructed in the muon spectrometer [42].
Muons are required to pass identification requirements based on quality criteria imposed on the inner
detector and muon spectrometer tracks, and, as for electrons, both “loose” and “tight” operating points
are used. Both the electrons and muons are required to have a minimum pT of 7 GeV and to lie within
a region with a good reconstruction and identification efficiency (|η| < 2.7 for muons and |η| < 2.47 for
electrons). They are required to be isolated using requirements on the sum of the pT of the tracks lying
in a cone around the lepton direction whose radius, ∆R =
√
(∆η)2 + (∆φ)2, decreases as a function of the
lepton pT. They are also required to originate from the primary vertex [41, 42].
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Three types of jets are used to characterize the hadronic activity of events: large-R jets, small-R jets and
track jets. All three jet collections are reconstructed using the anti-kt algorithm but with different radius
parameters, R [43] . Large- and small-R jets are built from noise-suppressed topological clusters [44] in
the calorimeter, while track jets are constructed from inner-detector tracks.
Large-R jets are constructed with a radius parameter R = 1.0. They are required to have pT > 250 GeV
and |η| < 2.0. These jets are trimmed [45] to suppress the energy of clusters which originate from initial-
state radiation, pile-up vertices or the underlying event. This is done by reclustering the constituents of
the initial jet using the kt algorithm [46] into subjets of radius Rsub; the constituents of any subjet with
transverse momentum less than fcut times the transverse momentum of the initial jet are removed. The
Rsub and fcut parameter values found to be optimal in identifying hadronic W/Z boson decays [47] are
Rsub = 0.2 and fcut = 5%. Large-R jets are required to be separated by ∆R > 1.0 to the nearest electron
candidate.
Small-R jets are reconstructed with a radius parameter R = 0.4 and are required to have pT > 20 GeV
and |η| < 2.4 or pT > 30 GeV and 2.4 < |η| < 4.5. If an electron candidate has an angular separation
∆R < 0.2 to a small-R jet, the small-R jet is discarded; however, if an electron candidate and small-R
jet are separated by 0.2 < ∆R < 0.4, the electron candidate is removed. Similarly, if a small-R jet is
separated by ∆R < 0.4 to the nearest muon candidate, the small-R jet is discarded if it has fewer than
three associated inner-detector tracks; otherwise the muon candidate is removed. The jet-vertex-tagger
discriminant is used to reject small-R jets originating from pile-up based on vertex information of each
of the jet’s associated tracks [48]. Small-R jets with pT < 50 GeV and |η| < 2.4 must have a discriminant
greater than 0.64. The energies of both the large-R and small-R jets and the mass of the large-R jets are
corrected for energy losses in passive material, for the non-compensating response of the calorimeter, and
for any additional energy due to multiple pp interactions [49].
The third type of jet used in this analysis, track jets, are built from inner-detector tracks with pT > 400
MeV associated with the primary vertex using the anti-kt algorithm with R = 0.2 and are required to have
pT > 10 GeV and |η| < 2.5. Track jets containing b-hadrons are identified using the MV2c20 b-tagging
algorithm [50, 51] with 70% efficiency and a rejection factor of about 5.6 (180) for jets containing c-
hadrons (not containing b- or c-hadrons) in a simulated sample of t¯t events and are matched to the large-R
jets via ghost-association [43].
Hadronically decaying τ-lepton candidates, which are used to veto background events, are reconstructed
from noise-suppressed topological clusters in the calorimeter using the anti-kt algorithm with R = 0.4.
They are required to have pT > 20 GeV, |η| < 2.5 and to be outside the transition region between the
barrel and end-cap calorimeters (1.37 < |η| < 1.52); to have either one or three associated tracks; and
to satisfy the “medium” working point criteria [52]. The leptonic decays of τ leptons are simulated and
included in the acceptance if the final-state electron or muon passes lepton selections.
The presence of one or more neutrinos in collision events can be inferred from an observed momentum
imbalance in the transverse plane. The missing transverse momentum (~EmissT ) is calculated as the negative
vectorial sum of the transverse momenta of all the muons, electrons, small-R jets, and any inner-detector
tracks from the primary vertex not matched to any of these objects [53]. The magnitude of the ~EmissT is
denoted by EmissT . For multi-jet background rejection, a similar quantity, ~p missT , is computed using only
charged-particle tracks originating from the nominal hard-scatter vertex, and its magnitude is denoted by
pmissT .
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5 Event selection
This analysis is performed for events containing zero, one, or two charged leptons (electrons or muons),
targeting the Z′ → ZH → νν¯b¯b , W ′ → WH → ℓνb¯b and Z′ → ZH → ℓ+ℓ−b¯b decay modes, respectively;
the “loose” lepton identification working points are used to categorize events by their charged-lepton
number. While the 1-lepton channel has some acceptance for the Z′ → ZH → ℓℓb¯b signal, it has
significantly larger backgrounds than the 2-lepton channel; the 1-lepton channel is therefore not included
in the Z′ search. The 0-lepton channel has a non-negligible acceptance for the W ′ → WH → ℓνb¯b signal
in events in which the lepton is not detected or is a hadronically decaying τ-lepton; it also has smaller
predicted backgrounds than the 1-lepton channel. For this reason, the 0-lepton channel and the 1-lepton
channel are combined in the W ′ search.
In the 0-lepton channel events are recorded using an EmissT trigger with an online threshold of 70 GeV,
while in the 2-lepton channel, events are recorded using a combination of single-lepton triggers, with the
lowest pT threshold being 24 GeV for isolated electrons and 20 GeV for isolated muons. These triggers
are complemented with non-isolated ones with higher pT thresholds. The 1-lepton channel uses the single-
electron triggers for the electron channel and a combination of the EmissT trigger and single-muon trigger
for the muon channel, where the EmissT trigger considers only the energy of objects in the calorimeter, and
thus muons are seen as a source of EmissT . For events selected by lepton triggers, the object that satisfied
the trigger is required to be matched geometrically to the oﬄine-reconstructed lepton.
Events containing no loose lepton are assigned to the 0-lepton channel. The multi-jet and non-collision
backgrounds in the 0-lepton channel are suppressed by imposing requirements on pmissT (pmissT > 30 GeV),
EmissT (EmissT > 200 GeV), the azimuthal angle between ~EmissT and ~p missT (∆φ(~EmissT , ~p missT ) < π/2), and the
azimuthal angle between ~EmissT and the leading large-R jet (∆φ(~EmissT , large-R jet) > 2π/3). An additional
requirement is imposed on the azimuthal angle between ~EmissT and the nearest small-R jet that is not iden-
tified as a τ-lepton (min[∆φ(~EmissT , small-R jet)] > π/9). Finally, only in the search for Z′ → ZH, events
containing one or more identified hadronically decaying τ-lepton candidates are rejected; this veto reduces
the W+jets and t¯t contributions and has a negligible impact on the Z′ acceptance. Since it is not possible
to fully reconstruct the invariant mass of the ZH → ννb¯b system due to the neutrinos present in the final
state, the transverse mass is used as the final discriminant: mT,VH =
√
(EjetT + EmissT )2 − (~p
jet
T +
~EmissT )2,
where pjetT (E
jet
T ) is the transverse momentum (energy) of the leading large-R jet.
Events containing exactly one lepton with pT > 25 GeV (and with |η| <2.5 for muons) are assigned to
the 1-lepton channel. To reduce the multi-jet background from non-prompt leptons or from jets faking
leptons, the lepton must satisfy the tight quality criteria. Moreover, isolation requirements based on
the sum of the calorimeter energy deposits and track transverse momentum in a cone around the lepton
direction are applied. In addition, the event must have significant missing transverse momentum: EmissT >
100 GeV. To reconstruct the invariant mass of the WH → ℓνb¯b system in the 1-lepton channel, the
momentum of the neutrino in the z-direction, pz, is obtained by imposing the W boson mass constraint on
the lepton–neutrino system. In the resulting quadratic equation, pz is taken as either the real component
in the case of complex solutions or the smaller of the two solutions if both solutions are real.
Events containing exactly two loose leptons of the same flavour with pT > 25 GeV (and with |η| <2.5 for
muons) are assigned to the 2-lepton channel. Only loose track isolation requirements are applied since
this channel has negligible background from fake and non-prompt leptons. The invariant mass of the two
leptons, mℓℓ, must be in the range 70–110 GeV for the dielectron selection. This range is widened to
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55–125 GeV for the dimuon selection due to the poorer momentum resolution at high pT. To improve the
mVH resolution of ZH → µµb¯b events, the four-momentum of the dimuon system is scaled by mZ/mµµ,
where mZ = 91.2 GeV and mµµ is the invariant mass of the dimuon system.
All three channels require at least one large-R jet with pT > 250 GeV and |η| < 2.0. The leading large-R
jet is considered to be the H → b¯b candidate. To enhance the sensitivity to a VH signal, the leading
large-R jet is required to have at least one associated track jet, and at least one of the associated track
jets must be b-tagged [54]. If more than two track jets are matched to the H → b¯b candidate, only the
two with the highest pT are considered for the b-tagging requirement. In all the three channels, events
are vetoed if they have at least one b-tagged track jet not matched to the leading large-R jet. This veto
is particularly effective in suppressing the t¯t background in the 0- and 1-lepton channels. The events
fulfilling these requirements are divided into 1- and 2 b-tag categories depending on whether one or both
of the two leading track jets matched to the leading large-R jet are b-tagged.
The four-momentum of the large-R jet is corrected by adding the four-momentum of the muon closest in
∆R to the jet axis provided it is within the jet radius. The distribution of the mass of the leading large-R
jet (mjet) in events passing the selection described so far is shown in Figure 1. The mass of the leading
large-R jet (jet) is required to be consistent with the Higgs boson mass of 125.5 GeV. A 90% efficient mass
requirement, corresponding to a window of 75 GeV < mjet < 145 GeV, is applied. This is particularly
effective for discriminating the signal from t¯t and V + b¯b backgrounds.
The events passing this selection, and categorized into 0-, 1-, and 2-lepton channels by 1- and 2-b-tags
(six categories in total), define the signal regions of this analysis. The efficiencies of selecting events in
the 2-b-tag (1-b-tag) signal region for an HVT resonance of mass of 1.5 TeV are 24% (34%), 16% (25%)
and 15% (22%) for the Z′ → ZH → νν¯b¯b , W ′ → WH → ℓνb¯b and Z′ → ZH → ℓ+ℓ−b¯b processes
respectively.
6 Background estimation
The background contamination in the signal regions is different for each of the three channels. In the 0-
lepton analysis the dominant background is Z+jets production with significant contributions from W+jets
and t¯t production. In the 1-lepton channel the dominant backgrounds are W+jets and t¯t production. In the
2-lepton channel, where two same-flavour leptons with an invariant mass near the Z mass are selected,
Z+jets production is by far the dominant background. All three channels also have small contributions
from single-top-quark, diboson and SM Higgs production. The multi-jet background, which enters the
signal regions through semileptonic hadron decays and through misidentified or mismeasured jets, is
found to be negligibly small in all three channels.
The background modelling is studied using control regions with low signal contamination, chosen to not
overlap with the signal regions. These control regions are used both to evaluate the background predic-
tions outside the signal-rich regions and to establish the normalization and mVH shape of the dominant
backgrounds through their inclusion as nuisance parameters in the likelihood fit described in Section 8.
Sideband regions of the mjet distribution, defined as mjet < 75 GeV (low-mjet) or mjet > 145 GeV (high-
mjet) are used as control regions for the W/Z+jets backgrounds. Furthermore, the events are divided
into categories corresponding to the number of b-tagged track jets matched to the large-R jet to test the
different flavour compositions. The 1- and 2-b-tag low-mjet control regions mainly test the W/Z + c and
W/Z + b contributions, respectively.
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Figure 1: Distributions of the mass of the leading large-R jet, mjet, for the (a) 0-lepton, (b) 1-lepton, and (c) 2-lepton
channels. The background prediction is shown after the maximum-likelihood fits to the data described in Section 8;
the total background prediction before the fit is shown by the dotted blue line. The signal for the benchmark HVT
Model A with mV ′ = 2 TeV is shown as a dotted red line and normalized to 200 times the theoretical cross-section.
Control regions for the t¯t background prediction are also defined. For the 0- and 1-lepton channels, the
t¯t control regions are defined by requiring at least one additional b-tagged track jet that is not matched
to the large-R jet; no Higgs boson candidate mass window requirement is imposed in the 0- and 1-lepton
t¯t control regions. The t¯t control region for the 2-lepton channel is defined by requiring exactly one
electron, exactly one muon and at least one b-tagged track jet matched to the leading large-R jet; there is
no requirement on additional b-tagged track jets in the 2-lepton channel.
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7 Systematic uncertainties
The most important experimental systematic uncertainties are associated with the measurement of the
scale and resolution of the large-R jet energy and mass, as well as with the determination of the track
jet b-tagging efficiency and mistag rate. The uncertainties in the scale and resolution of large-R jet en-
ergy and mass are evaluated by comparing the ratio of calorimeter-based to track-based measurements in
multi-jet data and simulation [47]. The uncertainty in the track-jet b-tagging efficiency arises mainly from
uncertainty in the measurement of the b-tagging efficiency in t¯t events, while the mistag rate and uncer-
tainty are determined using dijet events [50]. These uncertainties have an impact on the normalization and
differential distribution of events, and have typical sizes of 2–20% for the large-R jet energy/mass scales
and 5–15% for the b-tagging efficiency.
Other experimental systematic uncertainties with a smaller impact are those associated with the lepton
energy and momentum scales, lepton identification efficiency, the efficiency of the triggers, the small-R
jet energy scale and the EmissT measurement.
Uncertainties are taken into account for possible differences between data and the simulation model that
is used for each process. In addition to the 5% uncertainty in the integrated luminosity, the following
normalization uncertainties are assigned to particular processes: 30% for t¯t and single top quarks [55],
11% for dibosons [56], 10% for W/Z+light jets [57], and 30% for W/Z+c and W/Z+b. Uncertainties in the
modelling of the mVH and mT,VH distributions are assigned to the Z+jets and W+jets backgrounds. These
uncertainties are estimated by comparing predictions from Sherpa 2.1.1 and MadGraph5_aMC@NLO-
2.2.2 at leading order with showering by Pythia 8.186 using the A14 tune. An uncertainty in the shape
of the mVH or mT,VH distribution for the t¯t background is derived by comparing a Powheg sample with
the distribution obtained using MadGraph5_aMC@NLO 2.2.2. Additional systematic uncertainties are
evaluated by comparing the nominal sample showered with Pythia 6.428 using the P2012 tune to one
showered with Herwig++ 2.7.1 [58] and using the UEEE5 underlying-event tune. Samples of t¯t events
with the factorization and renormalization scale doubled or halved are compared to the nominal, and
differences observed are taken as an additional uncertainty.
The dominant uncertainties in the signal acceptance arise from the choice of PDF and from uncertainty in
the amount of initial- and final-state radiation present in simulated signal events. The PDF uncertainties
are estimated by taking the acceptance difference between the NNPDF2.3LO and MSTW2008LO PDF
and adding it in quadrature with the differences in acceptance found between the NNPDF2.3LO error
sets. Typical values for the signal acceptance uncertainties are 2–3% per source of uncertainty.
All uncertainties are evaluated in an identical way for all signal and background sources and are thus
treated as fully correlated across sources. For all simulated samples, the statistical uncertainty arising
from the limited number of simulated events is taken into account.
8 Results
To determine how well the observed data agrees with the predicted backgrounds and to test for an HVT
signal, a maximum-likelihood fit is performed over the binned mVH or mT,VH mass distributions, includ-
ing all control regions described in Section 6. The maximum-likelihood fit parameters are the systematic
uncertainties in each background and signal contribution, which can vary the normalizations and dif-
ferential distributions. The systematic uncertainties are given log-normal priors in the likelihood, with
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Table 1: The predicted and observed number events for the three final states considered in this analysis. The pre-
dicted number of events is shown after a maximum-likelihood fit to the data, performed simultaneously across the
three lepton channels. The quoted uncertainties are the combined systematic and statistical uncertainties after the
fit. Uncertainties in the normalization of individual backgrounds may be larger than the uncertainty on the total
background due to correlations.
Two b-tags
ννb¯b ℓνb¯b ℓℓb¯b
t¯t 9.6 ± 1.4 50 ± 7 0.54 ± 0.36
Single top 2.0 ± 0.6 11.4 ± 3.0 0.20 ± 0.10
W + b 5.2 ± 1.3 18 ± 5
W + c 0.64 ± 0.18 2.0 ± 0.7
W + q 0.06 ± 0.03 2.0 ± 0.8
Diboson 4.2 ± 1.8 4.6 ± 0.8 1.28 ± 0.27
SM VH 1.43 ± 0.57 0.03 ± 0.01 0.45 ± 0.19
Z + b 12.3 ± 2.4 1.0 ± 0.4 3.4 ± 0.8
Z + c 1.46 ± 0.43 0.05 ± 0.02 0.31 ± 0.10
Z + q 0.13 ± 0.05 0.04 ± 0.04
Backgrounds 36.9 ± 3.5 90 ± 6 6.2 ± 1.0
Data 37 96 8
One b-tag
ννb¯b ℓνb¯b ℓℓb¯b
t¯t 216 ± 17 969 ± 50 3.8 ± 0.8
Single top 26 ± 7 112 ± 30 0.58 ± 0.19
W + b 33 ± 8 100 ± 24
W + c 41 ± 10 109 ± 31
W + q 20 ± 5 1.5 ± 0.6
Diboson 28 ± 5 32 ± 5 6.4 ± 1.0
SM VH 1.6 ± 0.6 0.04 ± 0.01 0.30 ± 0.12
Z + b 99 ± 17 3.8 ± 1.0 36 ± 6
Z + c 51 ± 13 2.7 ± 1.6 19 ± 5
Z + q 32 ± 8 3.0 ± 1.0 9 ± 4
Backgrounds 548 ± 16 1385 ± 30 75 ± 7
Data 520 1364 75
scale parameters described in Section 7. High- and low-mjet sideband control regions are merged if fewer
than 100 background events are expected with the full dataset; this is the case for the 0-lepton 2-b-tag
sidebands, the 1-lepton 2-b-tag sidebands, and the 2-lepton 1- and 2-b-tag sidebands. The HVT signal is
included as a binned template with an unconstrained normalization.
Table 1 provides the predicted and observed number of events in each signal region, and the reconstructed
mass distributions for events passing the selections are shown in Figure 2. The predicted background
is shown after the binned maximum-likelihood fit to the data, performed simultaneously across lepton
channels.
No significant excess of events is observed in the data compared to the prediction from SM background
sources. Exclusion limits at the 95% confidence level are set on the production cross-section times the
branching fraction for the HVT models. The limits for the charged resonance, W ′, are obtained by
performing the likelihood fit over the 0- and 1-lepton channels, while the 0- and 2-lepton channels are
used for the neutral resonance, Z′. In the case of the W ′ search, the τ-lepton veto is not imposed and
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the search considers only the W ′ → WH signal, while for the Z′ search the τ veto is imposed and only
Z′ → ZH signal is considered.
The results for combined HVT production are evaluated without the τ veto imposed, including both
the W ′ → WH and Z′ → ZH signals simultaneously. The combined HVT V ′ search is performed
with maximum-likelihood fits that are independent from those of the W ′ and Z′ searches, so there is no
double-counting of 0-lepton events that are included in the individual fits.
The exclusion limits are calculated with a modified frequentist method [59], also known as CLs, and the
profile-likelihood-ratio test statistic [60] in the asymptotic approximation, using the binned mVH or mT,VH
mass distributions for 0-, 1- and 2-lepton final states. Systematic uncertainties and their correlations are
taken into account as nuisance parameters. None of the systematic uncertainties considered are signific-
antly constrained or pulled in the likelihood fit. Figures 3(a) and 3(b) show the 95% CL upper limits
on the production cross-section multiplied by the branching fraction into WH and ZH and the branching
fraction BR(H → b¯b/cc¯) as a function of the resonance mass, separately for the charged W ′ and the neut-
ral Z′ bosons, respectively. The theoretical predictions for the HVT benchmark Model A with coupling
constant gV = 1 allow exclusion of mZ′ < 1490 GeV and mW′ < 1750 GeV. For Model B with coupling
constant gV = 3 the corresponding excluded masses are mZ′ < 1580 GeV and mW′ < 2220 GeV. In both
theoretical predictions, the branching fraction BR(H → b¯b/cc¯) is fixed to the Standard Model prediction
of 60.6% [25].
To study the scenario in which the masses of charged and neutral resonances are degenerate, a combined
likelihood fit over all the signal regions and control regions is also performed. The 95% CL upper limits
on the production cross-section of a V ′ decaying to WH/ZH, relative to the HVT model predictions, are
shown in Figure 3(c). For Model A (Model B) with coupling constant gV = 1 (gV = 3), mV ′± < 1730 GeV
(2310 GeV) is excluded.
The exclusion contours in the HVT parameter space {gVcH , (g2/gV )cF} for resonances of mass 1.2 TeV,
2.0 TeV and 3.0 TeV are shown in Figure 4 where all three channels are combined, taking into account
the branching fractions to WH and ZH from the HVT model parameterization. Here the parameter cF is
assumed to be the same for quarks and leptons, including third-generation fermions, and other parameters
involving more than one heavy vector boson, gVcVVV , g2VcVVHH and cVVW , have negligible contributions
to the overall cross-sections for the processes of interest.
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Figure 2: Distributions of reconstructed VH transverse mass, mT,VH, and invariant mass, mVH , for the 0-lepton
(top), 1-lepton (middle), and 2-lepton (bottom) channels. The left (right) column corresponds to the 1-b-tag (2-b-
tag) signal regions. The background prediction is shown after the maximum-likelihood fits to the data; the total
background prediction before the fit is shown by the dotted blue line. The signal for the benchmark HVT Model A
with mV ′ = 2 TeV is shown as a dotted red line and normalized to 50 times the theoretical cross-section.
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Figure 3: Upper limits at the 95% CL for (a) the production cross-section of Z′ times its branching fraction to ZH
and the branching ratio BR(H → b¯b/cc¯) and (b) the production cross-section of W′ times its branching fraction
to WH and the branching ratio BR(H → b¯b/cc¯). Upper limits at the 95% CL for (c) the scaling factor of the
production cross-section for V ′ times its branching fraction to WH/ZH in Model A. The production cross-sections
predicted by Model A and Model B are shown for comparison.
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9 Conclusion
A search for a new, heavy resonance decaying to WH/ZH is presented. The search is performed using
3.2 ± 0.2 fb−1 of pp collision data at a 13 TeV centre-of-mass energy collected by the ATLAS detector at
the Large Hadron Collider. No significant deviations from the SM background predictions are observed
in the three final states considered: ℓ+ℓ−b¯b, ℓνb¯b, νν¯b¯b. Upper limits are set at the 95% confidence
level on the production cross-sections of V ′ in heavy vector triplet models with resonance masses above
700 GeV. HVT benchmark Model A with coupling constant gV = 1 is excluded for mZ′ < 1490 GeV,
mW′ < 1750 GeV, and mV ′ < 1730 GeV; for Model B with coupling constant gV = 3, mZ′ < 1580 GeV,
mW′ < 2220 GeV, and mV ′ < 2310 GeV are excluded.
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